Appropriate expression of a eukaryotic gene is influenced by several regulatory layers, ranging from alterations in chromatin structure to direct interactions between transcriptional activator proteins and the general transcription machinery assembled at the core promoter (26, 65) . To approach these complex mechanisms, one strategy has been to elucidate the fundamental events occurring at the core promoter and then to define the mechanisms through which regulatory proteins influence these events. In mammals, two control elements are commonly found in the core promoters for protein-coding genes: the TATA box, located 25 to 30 bp upstream of the transcription start site, and the initiator (Inr), which overlaps the start site (2, 22, 28, 35, 57) . These elements are functionally similar in that each is sufficient for directing accurate basal transcription initiation by RNA polymerase II. Although many core promoters contain one or both of these elements, several genes that contain neither element have been described.
During transcription initiation, recognition of both TATA and Inr elements appears to be carried out by the TFIID complex, which contains the TATA-binding protein (TBP) and several TBP-associated factors (TAFs) (24) ; the TBP subunit is responsible for TATA recognition, and one of the TAFs recognizes the Inr (32, 51) . Inr activity also benefits from a direct interaction between RNA polymerase II and functional Inr elements (3) . In some promoters, Inr recognition appears to be facilitated by other DNA-binding proteins, including YY1, TFII-I, USF, and E2F (15, 41, 53, 54, 56) .
Following template recognition, TATA-mediated transcription and Inr-mediated transcription appear to proceed via similar mechanisms. With both types of promoters, a similar set of general transcription factors appear to assemble into a preinitiation complex that is competent for initiation of RNA synthesis (3, 33, 39, 50) . Furthermore, a variety of biochemical parameters are identical for the two types of promoters (29, 39, 66, 67) , which is consistent with the idea that TATA and Inr elements direct transcription initiation through similar pathways. If, indeed, the mechanisms of TATA-and Inr-mediated transcription are similar, it is necessary to consider why some core promoters have evolved to contain TATA boxes and others Inr elements. In addition, since TATA and Inr appear to carry out similar functions, it is not clear why some core promoters contain both of these elements. One suggestion was that TATA-less promoters may be necessary for appropriate regulation of ''housekeeping'' genes (for a review, see reference 57). Other suggestions were that TATA-less promoters may be needed for genes expressed at low levels or for genes requiring strict downregulation during development. Although there may be some merit to these suggestions, numerous exceptions to each model exist.
An alternative model to explain the need for core promoters containing TATA, Inr, or both TATA and Inr is that transcriptional regulatory proteins may prefer to modulate transcription through core promoters with specific structures. A core promoter preference could occur if a specific regulator targets a basal factor that is rate limiting only with a specific core promoter structure. Indeed, recent studies have suggested that different activation domains interact with different general factors (7, 19, 25, 43) . Possibly, some of these interactions lead to preferential regulation of TATA-containing or Inr-containing core promoters.
Recently, the above model has received support from studies of three proteins, p53, topoisomerase I, and a novel protein, which appear to repress transcription from core promoters that contain a TATA box but not from core promoters that contain an Inr (1, 38, 42) . Although these proteins appear to function by directly influencing the TBP-TATA interaction, the results demonstrate that core promoter structure can indeed influence transcriptional regulation.
The structure of a core promoter also appears to influence the activities of typical transcriptional activators. For example, in the adenovirus major late (AdML) and ␤-globin promoters, which contain both TATA and Inr elements, TATA mutations strongly reduce transcription, whereas Inr mutations have little effect (27, 45) . These results suggest that activators which bind to the AdML and ␤-globin promoters function only in the presence of a TATA box. More recently, a study of transcriptional activation by c-Fos revealed that a TBP binding domain mediates activation only through TATA-containing core promoters (43) ; deletion of this c-Fos domain resulted in similar activation from core promoters containing either TATA or Inr elements. This result is consistent with the idea that some activators prefer TATA boxes for transcriptional activation. Finally, the E2 transactivator of bovine papillomavirus 1 appears to prefer a core promoter containing both TATA and Inr elements, since efficient activation was detected only from a promoter containing both of these elements (23) .
Despite the growing evidence in support of core promoter specificities for transcriptional activators, only one study has directly compared the abilities of various activation domains to stimulate transcription through core promoters containing TATA or Inr elements (5) . In that study, a wide variety of activation domains, including those found in VP16, Sp1, p53, CTF, and C/EBP, were tested as GAL4 fusion proteins. The results revealed that all activation domains function similarly with the two core promoters, suggesting that, in general, the presence of a TATA box or Inr element in a given core promoter has no relevance to the transcriptional activation process.
To address this issue in more detail, we compared transcriptional activation through core promoters containing TATA, Inr, or TATA and Inr with two well-characterized activators: Sp1, which contains a zinc finger DNA-binding domain and strong glutamine-rich activation domains (11, 30) , and GAL4-VP16(N), which contains an acidic activation domain from the herpes simplex virus type 1 (HSV-1) VP16 protein fused to the yeast GAL4 DNA-binding domain (10, 16, 18, 55) . Our studies reveal that these activators differ in their abilities to activate transcription through specific core promoters. These results support a model in which the VP16 and Sp1 transcriptional activation domains function through distinct mechanisms and suggest that the core promoter preference of an activation domain can be linked to its mechanism of action.
MATERIALS AND METHODS
Plasmid DNAs. The reporter plasmids containing GAL4 binding sites were constructed by first inserting a ClaI linker into the HindIII site of pG5E4T, which contains five tandem GAL4 binding sites (4) . The GAL4 binding sites were then excised with ClaI and BamHI and inserted into the ClaI and BglII sites of the pSP72 vector (Promega), producing GAL4-SP72. The GAL4-TATA plasmid used for the in vitro transcription assays was constructed by inserting an oligonucleotide containing the AdML TATA box (58) into the EcoRI and SacI sites of the GAL4-SP72 plasmid. The GAL4-TATA/Inr plasmid was constructed by inserting an oligonucleotide containing the terminal deoxynucleotidyltransferase (TdT)Inr (58) into the SacI and BamHI sites of the GAL4-TATA plasmid. The GAL4-weak TATA/Inr and GAL4-weak TATA plasmids were constructed by inserting the following oligonucleotide and its complement into the EcoRI and SacI sites of GAL4-TATA/Inr and GAL4-SP72, respectively: 5Ј-CGGGTGATA TCATGGGGTGGGGGG-3Ј. The GAL4-Inr and GAL4-no TATA plasmids were constructed by inserting the following oligonucleotide and its complement into the ClaI and SacI sites of GAL4-TATA/Inr and GAL4-SP72, respectively: 5Ј-ATGCGTCGCCTGCGATGAATTCG-3Ј.
For the transient-transfection studies, the promoters containing GAL4 binding sites described above were inserted upstream of the HSV thymidine kinase (TK) coding sequences in plasmid pSVPyTK (58) . DNA fragments containing the promoter regions were obtained by PCR with primers with the following sequences: 5Ј-GGCCGATTCAGGATCCCAGGTTAACCTGGCTTATCG-3Ј and 5Ј-GCCTGCAGGTCGACTCTAGAGGATCC-3Ј. The first primer is complementary to sequences upstream of the GAL4 binding sites, and the second primer is complementary to sequences downstream of the core promoter. Both primers contain a BamHI restriction site, which allowed the amplified products to be cleaved with BamHI and inserted into the BglII site of pSVPyTK.
The plasmids containing 12 Sp1 binding sites were described previously. For the in vitro experiments, Sp1-TATA, Sp1-TATA/Inr, Sp1-weak TATA/Inr, Sp1-Inr, Sp1-weak TATA, and Sp1-no TATA are plasmids III-b, VI-b, VI-e, VI-c, III-e, and III-c, respectively (66) . For the transient-transfection experiments, the above plasmids containing Sp1 binding sites were inserted into pSVPyTK as described previously (66) (the resulting plasmids contain only six Sp1 binding sites). All plasmids were purified by column chromatography (Qiagen, Inc.), and their sequences were confirmed by DNA sequencing with a Sequenase kit (U.S. Biochemical).
The expression vector encoding the GAL4 DNA-binding domain (amino acids 1 to 147 [18, 55] ) fused to the N-terminal activation domain of VP16 (amino acids 413 to 454 [12, 40] ) was reported previously (16) . Most of the GAL4-Sp1 expression plasmids were reported previously (17) ; all plasmids express a fusion protein containing the GAL4 DNA-binding domain (amino acids 1 to 147) and a portion of Sp1. GAL4-Sp1 contains Sp1 amino acids 83 to 778 and is the same as GAL4-Sp1WT from Gill et al. (17) . GAL4-Sp1(AϩB) contains Sp1 amino acids 83 to 621 and is the same as GAL4-Sp1(N) (17) . GAL4-Sp1(B) contains Sp1 amino acids 263 to 542. GAL4-Sp1(Bc) contains amino acids 425 to 542 and is the same as GAL4-Sp1(D23) (17) . GAL4-Sp1(Bc-M37) was described previously and contains a 10-amino-acid substitution mutation in the Bc domain (17) . GAL4-Sp1(A), containing Sp1 amino acids 83 to 262, was constructed by inserting a fragment from GAL4-Sp1(AϩB) into expression vector pBXG1 (16) . The GAL4-Sp1(A) fragment was amplified by PCR with the following primers complementary to the 5Ј end of the GAL4 fragment and to the 3Ј end of the Sp1 A domain, respectively: 5Ј-AAGCTTCCTGAAAGATGAAGCTA-3Ј and 5Ј-GAT TTCTAGAAGATCTTCGACAGGTAGCAA-3Ј. The amplified product was cleaved with HindIII and XbaI and inserted into the same sites of pBXG1.
In vitro transcription and primer extension. In vitro transcription reactions in nuclear extracts derived from HeLa cells were performed as described previously (58, 67) . GAL4-VP16(N), containing VP16 amino acids 413 to 454, was expressed in Escherichia coli and purified with the assistance of Michael Carey's laboratory (University of California, Los Angeles) according to a protocol published previously (46) . Reaction mixes contained 100 g of HeLa nuclear extract, 600 ng of GAL4-VP16 or GAL4(1-94) protein, and a total of 300 ng of DNA (10 ng of template and 290 ng of pSP72 vector as carrier DNA; various template amounts were used for titration experiments). Primer extension analyses were carried out as described previously (58) , with an SP6 promoter primer (Promega). The cDNA products were visualized by electrophoresis on 8% denaturing polyacrylamide gels, followed by autoradiography. Quantitation was performed by PhosphorImager analysis (Molecular Dynamics, Inc.).
Transient-transfection assays. Human 293 cells were grown to approximately 80% confluency in Dulbecco's modified Eagle's medium supplemented with 10% bovine calf serum (HyClone) and transfected by the calcium phosphate coprecipitation method of Graham and van der Eb (20) as modified by Parker and Stark (48) . In all experiments, the total amount of transfected DNA was 20 g, including 5 g of reporter plasmid and 5 g of expression vector. RNAs were isolated 2 days after transfection by the Nonidet P-40 lysis method (58) . RNA (30 g) was analyzed by primer extension analysis with a 20-nucleotide primer complementary to HSV TK sequences (66) . The products were analyzed by electrophoresis as described above.
RESULTS
In vitro, the ratio of activated transcription through TATA/ Inr versus Inr core promoters is much greater for GAL4-VP16 than for Sp1. To compare the abilities of Sp1 and GAL4-VP16 to activate transcription through core promoters with different structures, four synthetic core promoters were inserted downstream of multiple binding sites for either Sp1 or GAL4 ( Fig.  1A ; see Materials and Methods). One core promoter contains both a strong, consensus TATA box (with the sequence TATA AAA from the AdML promoter) and a strong Inr (CCTCAT TCT from the murine TdT promoter), with the two elements VOL. 15, 1995 DIFFERENTIAL ACTIVATION THROUGH TATA AND Inr ELEMENTS 5907 separated by the spacing found in the AdML promoter. The other three promoters contain either the TATA box with no Inr, the Inr with no TATA box, or the Inr with a very weak TATA box (with the sequence GATATC). We previously showed that this weak TATA box directs transcription about 1% as efficiently as the consensus AdML TATA and, by all criteria measured, behaves very similarly to the promoter with a GC-rich Ϫ30 sequence (66). The plasmids described above, with binding sites for either Sp1 or GAL4, were tested for promoter activity in an in vitro transcription assay in nuclear extracts derived from HeLa cells, with the resulting RNA transcripts analyzed by primer extension analysis. Because HeLa cells contain endogenous Sp1 but not GAL4-VP16, the extracts were supplemented with purified, recombinant GAL4-VP16 (containing VP16 amino acids 413 to 454; see Materials and Methods). The cDNA product corresponding to accurate initiation from the TATA core promoter is 70 nucleotides in length, and the product corresponding to initiation from the TATA/Inr, weak TATA/Inr, and Inr core promoters is 79 nucleotides. Figure 1B shows the results of an experiment in which the amount of promoter-containing template introduced into the reaction mixes was varied from 1 to 30 ng. This titration experiment revealed that both Sp1 and GAL4-VP16 direct high levels of activated transcription from the TATA/Inr core promoter, with the activated signals increasing with increasing template amount (Fig. 1B , lanes 1, 5, 9, and 13). The activated transcription found with the TATA core promoter exhibited a similar pattern (lanes 2, 6, 10, and 14), but this promoter was considerably weaker than the TATA/Inr promoter. (The presence of two initiation sites with the TATA/Inr promoter was observed previously [47] and has been shown to result from a TATA-Inr spacing that is 1 to 3 nucleotides less than optimal for initiation from a single site. This spacing is used for our experiments because it corresponds to the TATA-Inr spacing found in the strong AdML core promoter and does not influence promoter strength [see reference 47] .)
In contrast to the results described above, the activated signals observed with the weak TATA/Inr and Inr core promoters were much different for the two activators (Fig. 1B , lanes 3, 4, 7, 8, 11, 12, 15, and 16 ) when compared with the respective TATA and TATA/Inr signals. The relative signals vary to some degree with template amount, but in general, the Inr signal was 2-to 6-fold weaker than the TATA/Inr signal when transcription was activated by Sp1 and at least 20-fold weaker when transcription was activated by GAL4-VP16 ( Fig.  1B ; compare upper and lower panels). Similar results were found when the amount of purified GAL4-VP16 added to the reaction mixes was varied (data not shown).
The in vitro transcription experiment shown in Fig. 2 confirms and extends the above results. In this experiment, the activated signal detected with 10 ng of each plasmid was compared with the basal signal detected in the absence of activator. For the Sp1 panel ( Fig. 2A, top) , the plasmids containing binding sites for endogenous Sp1 ( Fig. 2A , top, lanes 2, 4, 6, and 8) were compared with plasmids lacking Sp1 binding sites ( Fig. 2A , top, lanes 1, 3, 5, and 7). For the GAL4-VP16 panel ( Fig. 2A, bottom) , the plasmids containing binding sites for GAL4 were tested in the absence (lanes 1, 3, 5, and 7) and presence (lanes 2, 4, 6, and 8) of added GAL4-VP16 protein.
The data confirm that, with all four promoters, both Sp1 and GAL4-VP16 activate transcription above the basal levels. Moreover, the data confirm the results in Plasmids containing binding sites for Sp1 and GAL4 were tested (upper and lower panels, respectively). The reaction mixes presented in the lower panel were supplemented with 600 ng of purified GAL4-VP16 protein expressed in E. coli. RNA products were analyzed by primer extension followed by electrophoresis on an 8% denaturing polyacrylamide gel. The template concentrations are indicated at the bottom, and the core promoters tested are indicated at the top. The cDNA product corresponding to accurate initiation from the TATA core promoter is 70 nucleotides (n) (lanes 2, 6, 10, and 14), and the product corresponding to initiation from the TATA/Inr, weak TATA/Inr, and Inr core promoters is 79 nucleotides (lanes 1, 3 to 5, 7 to 9, 11 to 13, and 15 to 16), as indicated by arrows to the right. Fig. 2A in two different formats. In Fig. 2B , the promoter strengths are normalized to the strengths of the TATA/Inr promoters (set at 100% for each activator). With this interpretation, GAL4-VP16 and Sp1 appear to function equally well with the TATA/Inr and TATA promoters, but Sp1 appears to activate transcription much more effectively through the Inr promoters than does GAL4-VP16. In Fig. 2C , the promoter strengths are normalized to the strengths of the Inr promoters (set at 100% for each activator). With this interpretation, GAL4-VP16 and Sp1 appear to function equally well with the Inr promoter, but GAL4-VP16 appears to activate transcription more effectively with the TATA promoter and also with the TATA/Inr promoter, in which the TATA and Inr elements strongly synergize with each other. A direct comparison of the absolute signals obtained in Fig. 2A suggests that the representation in Fig. 2B is more accurate. However, we cannot directly compare the absolute signals obtained with the two Fig. 2B or 2C more accurately represents the differences between Sp1 and GAL4-VP16 (see below). The Inr and the VP16 activation domain are required for the in vitro activities detected. The results described above suggest that Sp1 and GAL4-VP16 differ in their relative abilities to activate transcription through the various core promoters. To confirm that the Inr elements within the weak TATA/Inr and Inr core promoters are responsible for the differences observed, the Inr was deleted from these plasmids. The resulting plasmids (referred to as weak TATA and no TATA) were then compared with the TATA/Inr and TATA plasmids in the in vitro transcription assay ( Fig. 3A ; also included is a plasmid containing a functional TATA box of intermediate strength [rTATA] ). In the absence of the Inr, transcription could not be detected from either of the plasmids lacking a functional TATA box (Fig. 3A, lanes 8 and 10) . These data demonstrate that the Inr is critical for the activated transcription directed by the weak TATA/Inr and Inr plasmids in Fig. 1 and 2 .
With the weak TATA/Inr and Inr plasmids, GAL4-VP16 appears to activate transcription relatively poorly. This observation raises the possibility that the signals detected with these plasmids might not result from ''true'' VP16-dependent activation. An alternative possibility was that the GAL4 DNAbinding domain might bind to the template and prevent histones and nonspecific DNA-binding proteins in the extract from inhibiting basal transcription (36, 67) . In other words, the VP16 activation domain might actually be incapable of direct activation from the weak TATA/Inr and Inr core promoters. To address this issue, an in vitro transcription experiment was performed, comparing activation by GAL4-VP16 with activation by the isolated, recombinant GAL4 DNA-binding domain, GAL4 . [Gel shift experiments demonstrated that the purified GAL4-VP16 and GAL4(1-94) proteins were equally active for DNA binding (data not shown).] The data shown in Fig. 3B reveal that the VP16 domain is needed for the activation detected with all of the promoters tested, including the weak TATA/Inr and Inr promoters (lanes 10 to 15). This result suggests that GAL4-VP16 directly activates transcription from all four core promoters. However, we cannot rule out the possibility that the signals detected result from a VP16-dependent antirepression mechanism (13) .
Relative promoter activities found with Sp1 and GAL4-VP16 are similar in vivo and in vitro. To study the core promoter specificities of Sp1 and GAL4-VP16 in vivo, transient-transfection assays were performed. The experiments described in this section compared activation by endogenous Sp1 with activation by GAL4-VP16(N) expressed from a cotransfected plasmid (16) . For these experiments, the TATA, TATA/Inr, weak TATA/Inr, and Inr promoters were inserted upstream of a reporter gene containing coding sequences for the HSV TK gene. The resulting plasmids were transfected into the human embryonic kidney cell line 293, which was chosen because of its high transfection efficiency. Promoter activity was measured by primer extension analysis with a primer complementary to an HSV TK sequence. The cDNA product expected for accurate initiation from the TATA core promoter is 75 nucleotides in length, and the product expected for initiation from the TATA/Inr, weak TATA/Inr, and Inr core promoters is 84 nucleotides. Figure 4A shows the promoter strengths obtained following activation by GAL4-VP16 (upper panel) and Sp1 (lower panel). Consistent with the in vitro data, the relative strengths of the TATA/Inr and Inr promoters were much different for the two activators (compare Fig. 4A , lanes 2 to 4, with Fig. 2A , lanes 4, 6, and 8): with GAL4-VP16, the TATA/Inr promoter was typically 10-to 20-fold stronger than the Inr promoter, whereas with Sp1-activated transcription, the TATA/Inr promoter was typically only 2-to 3-fold stronger than the Inr promoter. One inconsistency between the in vitro and in vivo assays was observed, however; with Sp1-activated transcription in the in vivo assay, the strengths of the Inr promoter and the TATA promoter were similar (Fig. 4A, lanes 1 and 4) , whereas in the in vitro assay, the Inr promoter was about threefold tronger than the TATA promoter (see Fig. 2A ). The results presented below (Fig. 5 and 6 ) might help to explain why the relative strengths of the Sp1-TATA and Sp1-Inr promoters vary. Together, the in vitro and in vivo results suggest that Sp1 and GAL4-VP16 differ in their abilities to activate transcription from the core promoters tested. The primary difference appears to be that with GAL4-VP16, the strength of the TATA/Inr promoter is much greater than that of the Inr promoter, whereas with Sp1, the strengths of the TATA/Inr and Inr promoters are more similar.
In vivo, GAL4-Sp1 functions similarly to endogenous Sp1 with the four core promoters. The results described above suggest that activator proteins differ in their abilities to activate transcription through core promoters with different structures. However, these results do not permit a direct comparison between the VP16 and Sp1 activation domains for three reasons. First, multiple proteins in mammalian cells are capable of binding to the Sp1 sites (e.g., reference 34), making it likely that other proteins contributed to the results obtained. Second, the results may be influenced by the fact that an endogenous activator was compared with a recombinant fusion protein.
Third, Sp1 and GAL4 bind to different recognition sequences with different affinities. The different DNA-binding parameters prevent us from directly comparing the relative strengths of the Sp1 and VP16 transcriptional activation domains. To establish whether the differences observed between Sp1 and GAL4-VP16 reflect the properties of their transcriptional activation domains, we compared GAL4-VP16 and GAL4-Sp1 fusion proteins in transient-transfection assays.
For these experiments, a eukaryotic expression vector for GAL4-Sp1 (containing Sp1 amino acids 83 to 778; a gift of Grace Gill, Harvard Medical School) was obtained. Figure 4B shows the results obtained with GAL4-VP16 (upper panel) and GAL4-Sp1 (lower panel) cotransfected with the four reporter plasmids containing GAL4 binding sites. These results are very similar to those shown in Fig. 4A ; with both endogenous Sp1 and GAL4-Sp1, the TATA/Inr promoter was two-to threefold stronger than either the TATA or Inr promoter. In contrast, with GAL4-VP16, the TATA/Inr promoter was consistently at least 12-fold stronger than either the TATA or Inr promoter. Since the same reporter plasmids and same DNAbinding domain were used in comparing GAL4-VP16 and GAL4-Sp1, these results demonstrate that the VP16 and Sp1 transcriptional activation domains are primarily responsible for the characteristic differences between GAL4-VP16 and Sp1.
A GAL4-Sp1 deletion mutant activates transcription primarily from Inr-containing core promoters. The GAL4-Sp1 fusion protein tested in Fig. 4B functioned extremely poorly in the transient-cotransfection assay (the GAL4-Sp1 panel in Fig.  4B is derived from a relatively long exposure of the film). The weak signals may result from the large size (93 kDa) of the fusion protein and from the presence of both Sp1 and GAL4 DNA-binding domains. Therefore, to provide a more accurate comparison between the VP16 and Sp1 activation domains, we employed an expression plasmid, GAL4-Sp1(AϩB) (17) , which contains the GAL4 DNA-binding domain fused to the N-terminal transcriptional activation domains of Sp1 (see Fig.  6A ). This N-terminal fragment, extending from amino acids 83 to 621, lacks the zinc finger DNA-binding domain but contains both of the strong glutamine-rich activation domains of Sp1 as well as the adjacent serine/threonine-rich domains (11) . By immunoblot analysis, similar amounts of GAL4-VP16 and GAL4-Sp1(AϩB) were expressed following transfection into 293 cells (data not shown).
A direct comparison of GAL4-VP16 and GAL4-Sp1(AϩB) in a cotransfection experiment with plasmids containing the four distinct core promoters yielded two critical results (Fig.  5A) . First, GAL4-VP16 activated transcription through all four core promoters more strongly than did GAL4-Sp1(AϩB). With the TATA/Inr core promoter, for example, GAL4-VP16 was 44 times stronger than GAL4-Sp1(AϩB) (Fig. 5A, lanes 5  and 6) . With the Inr core promoter, GAL4-VP16 was six times stronger than GAL4-Sp1(AϩB) (Fig. 5A, lanes 11 and 12) . This result suggests that the model proposed in Fig. 2C rather than that proposed in Fig. 2B more accurately VOL. 15, 1995 DIFFERENTIAL ACTIVATION THROUGH TATA AND Inr ELEMENTS 5911 relative transcriptional activation properties of GAL4-VP16 and Sp1. As suggested in Fig. 2C , both activators function quite well with the Inr core promoter, but the TATA and Inr elements strongly synergize with each other when activated by GAL4-VP16, leading to extremely strong transcription through the TATA/Inr core promoter (Fig. 5A, lane 5) . In contrast, with GAL4-Sp1 and GAL4-Sp1(AϩB) (Fig. 4B and 5A ), activated transcription through TATA/Inr is only two-to threefold stronger than through the weak TATA/Inr or Inr core promoters. The second critical result in Fig. 5A is that GAL4-Sp1 (AϩB) could not activate transcription through the TATA core promoter to detectable levels (lane 3). In more than 20 repetitions of this experiment in 293 and HeLa cells, with multiple preparations of reporter and expression plasmids, we have been unable to detect an activated signal from the TATA promoter with GAL4-Sp1(AϩB). In a recent study, Das et al. (14) also failed to detect activation by GAL4-Sp1(AϩB) from the c-fos core promoter, which contains only a TATA box. Although GAL4-Sp1(AϩB) may indeed activate transcription from these promoters at a level that is below the detection limits, these results clearly demonstrate that GAL4-Sp1(AϩB) activates transcription much less efficiently through TATA than do endogenous Sp1 and GAL4-Sp1 (compare Fig. 4 and  5 ). This surprising result reveals that the A and B domains of Sp1 preferentially activate transcription through a core promoter containing an Inr. Moreover, this Inr preference of the A and B domains of Sp1 is strikingly different from the preference obtained with the VP16 activation domain, which results in equivalent activation through the TATA and Inr core promoters.
A 117-amino-acid glutamine-rich fragment of Sp1 is sufficient for transcriptional activation through core promoters containing an Inr. To localize the domains of Sp1 involved in the Inr preference for transcriptional activation, various Nterminal Sp1 subfragments were tested as GAL4 fusion proteins. Previous studies of Sp1 in cultured Drosophila cells revealed that the N terminus contains two distinct domains, A and B, each containing a glutamine-rich stretch and an adjacent region rich in serines and threonines (11) (Fig. 6A) . In mammalian cells, each of the glutamine-rich domains was sufficient for transcriptional activation (17) . Moreover, the Cterminal half of the B domain (called the Bc domain) was found to activate transcription as well as the entire B domain, but the N-terminal half (called the Bn domain) was inactive (17) . Figure 6B shows the results obtained with plasmids that express the GAL4 DNA-binding domain fused to the A, B, or Bc subdomain of Sp1 or to a Bc mutant called M37. This mutant, containing a 10-amino-acid substitution, reduces an interaction between the Sp1 Bc domain and Drosophila TAF110 (17) . By immunoblot analysis, similar amounts of each fusion protein were expressed following transfection into 293 cells (data not shown). The primer extension analysis reveals that the A, B, and Bc fragments activate transcription from the TATA/Inr, weak TATA/Inr, and Inr core promoters (Fig. 6B,  lanes 6 to 20) . However, none of these fusion proteins activates transcription from the TATA core promoter (lanes 1 to 5) . Interestingly, the activated signals obtained with GAL4-Sp1(Bc-M37) (Fig. 6B, lanes 10, 15, and 20) were reduced by 50 to 90% relative to those with GAL4-Sp1(Bc). This result suggests that a direct interaction between Sp1 and a human TAF110 homolog may be responsible for the Inr preference of the Sp1 glutamine-rich activation domains. 
DISCUSSION
This study demonstrates that the VP16 and Sp1 activation domains have intrinsic functional preferences for specific core promoter structures during transcriptional activation. VP16, although capable of efficient activation from any core promoter, possesses a strong preference for a core promoter containing both TATA and Inr elements to achieve an optimal signal. In contrast, Sp1-activated transcription through TATA/ Inr is only moderately stronger than through TATA or Inr alone. Dissection of the Sp1 protein revealed that it contains activation domains with different specificities. The glutaminerich domains function preferentially with core promoters containing Inr or TATA/Inr, but full-length Sp1 also activates transcription efficiently from the TATA core promoter. These results suggest that specific core promoter structures may have evolved in protein-coding genes to match the preferences of the gene-specific activators.
The finding that typical transcriptional activation domains possess distinct core promoter specificities may provide a simple method for classifying transcriptional activation domains.
Recent studies have suggested that activation domains stimulate transcription by interacting with specific components of the basal transcription apparatus (7, 19, 25, 43) . Distinct classes of activation domains are likely to exist, based on their physical targets or mechanisms of action. Activation domains currently are classified by amino acid content (44) (e.g., glutamine-rich activators and acidic activators). This method of classification might not accurately reflect the mechanism of activation. In contrast, the pattern of activation through core promoters with different structures may provide a method for rapidly determining which activation domains are likely to function similarly.
To elucidate the mechanisms underlying the core promoter specificities observed, it first is helpful to consider the relationship between the activated and basal transcription signals. In these experiments, we were unable to accurately measure the weak basal transcription signals. However, our previous studies have demonstrated that TATA and Inr elements strongly synergize with each other when tested in the absence of upstream activators (47, 59) . Interestingly, GAL4-VP16-activated tran- One possible mechanism to explain the above observations is that GAL4-VP16 may act primarily on steps that follow TFIID binding, whereas Sp1 may play a role in recruiting TFIID to the core promoter. If GAL4-VP16 does not influence the binding of TFIID to the core promoter, it might be expected to activate transcription in proportion to the affinity of TFIID for the core promoter. In contrast, if Sp1 stabilizes TFIID binding, it could activate transcription to a similar level from all core promoters by rendering irrelevant the intrinsic affinity of TFIID for the core promoter.
The above model is consistent with previous studies of the mechanisms of activation by GAL4-VP16 and Sp1. GAL4-VP16 contains an acidic domain that has been shown to interact with TBP, TFIIB, TFIIH, and a TAF (7, 19, 37, 60, 63, 64) . In the experiments of Green and colleagues, GAL4-VP16 was found to recruit TFIIB to the preinitiation complex but to have little effect on TFIID binding (7, 37, 52) . Sp1 has been shown to interact with Drosophila TAF110 and human TAF55, providing routes through which it could recruit TFIID to a core promoter (6, 17, 25) . In fact, we previously showed that Sp1, possibly through an Sp1-TAF interaction, directly recruits TFIID to an Inr element in the absence of a TATA box (32).
The models described above are sufficient to explain why activation domains may differ in their abilities to stimulate transcription from TATA/Inr relative to TATA alone or Inr alone. However, these models do not address the mechanism underlying the observation that the glutamine-rich activation domains of Sp1 prefer Inr-containing core promoters. The Inr preference indicates that a fundamental difference must exist between the mechanisms of TATA-mediated and Inr-mediated transcription. The glutamine-rich domain may target a factor, possibly a human TAF110 homolog, that plays a role only in Inr-mediated transcription, whereas full-length Sp1 may interact with a second protein that leads to activation through a TATA box. One candidate for this second protein is TAF55, which recently was reported to interact with the C terminus of Sp1 (6) . Alternatively, identical protein-protein interactions may be needed for activation through both TATAcontaining and Inr-containing promoters, but the fundamental difference may simply be that the two core promoters depend on different rate-limiting steps. This possibility is supported by both in vivo and in vitro studies, which have implicated different rate-limiting steps in transcription initiation from the two types of promoters (8, 67) .
Previous studies of Sp1 have revealed that at least four domains, A, B, C, and D, are required for optimal transcriptional activation (11) (Fig. 6A) . The A and B domains contain the glutamine-rich regions that are sufficient for transcriptional activation. The C domain weakly activates transcription by itself, whereas the D domain has no independent activity but enhances activation by the A and B domains. Further dissection of the B domain in Drosophila and human cells localized a subdomain called Bc, which is sufficient for activation (11, 17, 49) and for the interaction with Drosophila TAF110 (25) . Most of these studies were carried out in Drosophila cultured cells (11, 17) , but the only studies measuring the activities of the isolated A and B domains were performed in mammalian cells with reporter plasmids containing both TATA and Inr elements (17) . Thus, there are no inconsistencies between our results and these previous results.
Our results reveal that the A and B domains and the Bc subfragment stimulate transcription from the core promoters containing an Inr but that the entire Sp1 protein was needed for TATA activation. We have not localized the domains needed for efficient transcription through TATA, but from the previous mutagenesis, TATA activation is likely to require multiple domains. The D domain does not function by itself on a TATA/Inr-containing promoter, and the C domain functions poorly (11) . Since TATA activation is quite strong in the presence of the entire Sp1 molecule, it is likely to require one or both of the glutamine-rich domains in combination with the C or D domain. It is interesting that the D domain has been linked to the formation of higher-order multimers (49), suggesting that multimerization may be needed for activation through a core promoter containing only a TATA box.
The results of this analysis are consistent with several other studies that have revealed core promoter specificities during transcriptional regulation (see the introduction). In addition, our results are somewhat consistent with a recent study by Colgan and Manley (9) , which revealed that in Drosophila cells, Sp1 activated transcription more strongly through an Inr-containing promoter than through a TATA-containing promoter. However, our results are inconsistent with a study by Chang and Gralla (5), which reported that GAL4-Sp1(AϩB) strongly activated transcription from a core promoter containing a TATA box. This inconsistency can easily be explained by the fact that the previous study used as a TATA-containing promoter the adenovirus E4 promoter, which contains an Inr element at its start site (TTTACACT) in addition to a TATA box at the Ϫ30 region. Thus, it is not surprising that GAL4-Sp1(AϩB) activated transcription from this promoter.
The results of our study reveal interesting similarities to recent studies comparing a TATA box with the proximal sequence element (PSE) found in the core promoters of small nuclear RNA genes (14, 62) . In one study, the GAL4-Sp1(AϩB) fusion protein strongly activated a core promoter containing the PSE but was unable to activate a core promoter containing a TATA box (14) . In contrast, GAL4-VP16 preferentially activated transcription through the TATA box. The finding that the Sp1 glutamine-rich domains preferentially activate transcription from core promoters containing either a PSE or an Inr but not a TATA box suggests that the mechanisms of PSE-and Inr-mediated transcription may be more closely related than that of TATA-mediated transcription.
In addition to the studies addressing functional differences between TATA elements and either Inr or PSE elements, numerous other studies have compared activation through distinct TATA sequences (57, 61) . A well-characterized example of specificity among TATA sequences is found in the Saccharomyces cerevisiae HIS3 gene. Struhl and colleagues have shown that this gene contains two functional TATA elements, but GAL4 and GCN4 can activate transcription only through one of the two elements (61) . Although these experiments focused on different TATA sequences rather than different core promoter elements, they are consistent with the idea that activator proteins are influenced by the precise interactions between general transcription factors and the core promoter.
Most of the studies of core promoter specificity carried out by us and others have focused on the core promoter elements required by specific activators. However, appropriate regulation of most mammalian genes is likely to depend on the combined action of numerous proteins bound to promoter and enhancer sequences. Since several activation domains with different properties are likely to act on a given gene, one might expect that at least one activation domain will always be present that is compatible with any core promoter structure. Thus, altering the core promoter structure of a complex gene might not inactivate the gene but may instead play a more subtle role in transcriptional regulation. To approach these issues, a more detailed understanding of the biochemical basis of transcriptional activation and of core promoter specificity is needed.
